The functional activities of serum samples from human infants immunized with a glycoconjugate vaccine for Neisseria meningitidis serogroup C were assessed in a complement-mediated antibody-dependent serum bactericidal assay (SBA) and in a neonate rat model of protection from bacteremia. Selective serum samples from individual human infants were combined to make a panel of 11 serum pools to obtain a sufficient volume for testing. Each pool was assayed (i) for the anti-N. meningitidis serogroup C capsular polysaccharide (PS) immunoglobulin G (IgG) concentration as determined by reactivity in a direct-binding enzyme-linked immunosorbent assay, (ii) for bactericidal activity against N. meningitidis serogroup C strain C11, and (iii) for the ability to reduce bacteremia after passive transfer into a neonate rat model. Representative serum samples from infants who were not previously immunized with any N. meningitidis serogroup C vaccine served as a negative control. The prepared serum pools ranged in antibody concentration from 0.18 to 17.31 g of IgG specific for N. meningitidis serogroup C PS per ml. For this serum panel, a direct relationship between concentrations of anti-N. meningitidis serogroup C PS-specific IgG and serum SBA titers (r ‫؍‬ 0.9960) was observed. Passive transfer to neonate rats demonstrated the ability of postimmunization serum samples to significantly reduce (>2-log 10 reduction compared to control animals) the level of bacteremia following a challenge. Of 79 neonate rats that received >0.031 g of human infant anti-N. meningitidis serogroup C PS IgG, 75 (94.9%) had a >2-log 10 reduction in bacteremia, whereas of the animals that received <0.031 g of antigen-specific IgG, 10.3% (4 of 39 rats) showed a >2-log 10 reduction in bacteremia. It was concluded that the anti-N. meningitidis serogroup C PS IgG antibody induced by this glycoconjugate vaccine had in vitro functional activity (as determined by a SBA) and also afforded protection against meningococcal bacteremia in an animal model.
Glycoconjugate vaccines for Neisseria meningitidis serogroup C have been proven to be immunogenic and well tolerated in clinical trials (1, 4-9, 11, 12, 25-28, 36-38, 49) . Additionally, a recently licensed N. meningitidis serogroup C glycoconjugate (MnCC) vaccine (Meningitec; Wyeth Vaccines, Pearl River, N.Y.) has demonstrated efficiency in reducing invasive disease in the United Kingdom since its introduction in 1999 (36) . As prelicensure efficacy trials appear to be unfeasible to implement because of the unpredictable and sporadic nature of this disease, surrogate markers of efficacy aid in assessing new potential vaccines.
The serum bactericidal assay (SBA) has been the preferred method for determining the immune status with respect to N. meningitidis serogroup C. Goldschneider et al. (17) and others (34, 47, 48) have demonstrated that the presence of complement-mediated antibody-dependent serum bactericidal activity correlates with protection against naturally occurring meningococcal infection in humans. The higher frequency of recurrent meningococcal infections among individuals with terminal complement component (TCC) deficiencies (C5 to C9) suggests that bactericidal antibodies are important for protection (13, 30, 35, 39) . In an attempt to substantiate data obtained from in vitro assays, researchers have employed animal models that mimic human disease.
Animal models of protection against pathogenic neisseriae have been described (10, 15, 16, 33, 43, 45) , even though pathogenic neisseriae have a niche for a human host. The infant rat model has been previously used to evaluate monoclonal antibodies (18, 41, 43) and pooled hyperimmune human serum (22, 42) elicited by N. meningitidis serogroup B outer membrane protein vaccines. In the studies presented here, a neonate rat challenge model of bacteremia was chosen to evaluate the protective activity of serum samples from human infants who had received an MnCC vaccine. This report describes the relationships among the concentration of N. meningitidis serogroup C polysaccharide (PS)-specific immunoglobulin G (IgG), SBA titers, and the capacity of passively transferred sera to protect neonate rats from bacteremia due to N. meningitidis serogroup C.
MATERIALS AND METHODS
Human serum samples. Serum samples were selected from groups of infants who were enrolled in a trial conducted by Vanderbilt University, Nashville, Tenn. (37) . Serum samples were obtained from infants who were either immunized with three doses (2 or 10 g) of an MnCC vaccine (Meningitec; Wyeth Vaccines) at 2, 4, and 6 months of age or from infants similar in age who did not receive the MnCC vaccine. The limited volume of sera obtained from human infants required the pooling of equal volumes from multiple specimens (n ϭ 10) with similar antimeningococcal PS (anti-MnCPS) antibody concentrations. In order to assess potential protection thresholds in the infant rat challenge model, 11 distinct serum pools were made representing a range of anti-MnCPS IgG concentrations ( Table 1 ). The concentrations of the pools were subsequently determined and found to range from 0.18 to 17.31 g/ml (Table 1) . In order to optimize the conditions of this neonate rat model, serum samples were obtained from adults 1 month after they had received a singe dose of a commercially available quadrivalent (A/C/Y/W-135) MnCPS vaccine (Menomune; Connaught Laboratories, Swiftwater, Pa.) in a trial conducted by Vanderbilt University (37) and from healthy adult volunteers. The adult immune serum samples were determined to have concentrations ranging from 1.65 to 45.5 g of anti-MnCPSspecific antibody per ml (Table 2) . Selected adult serum samples were assayed for antibody-dependent complement-mediated bactericidal activity in an SBA and for protective properties in an infant rat challenge model. Serum samples from healthy adults who did not receive an N. meningitidis serogroup C vaccine, ranging from undetectable quantities (Ͻ0.1 g/ml) to 3.44 g of anti-MnCPSspecific IgG antibody per ml, were included for comparison. All human serum samples were heat treated (56°C for 30 min) to inactivate complement prior to use in the SBA or neonate rat model.
Bacterial strain and growth conditions. A rat-passaged isolate of N. meningitidis serogroup C strain C11 was used both as a target strain in the SBA and as the challenge strain in the neonate rat challenge model of bacteremia. The parental C11 strain was obtained from G. Carlone at the Centers for Disease Control and Prevention and was originally obtained by E. Gotschlich in 1965 (19) . Parental strain C11 was grown on GCK agar plates (GC Agar; Difco Laboratories, Detroit Mich.) with Kellogg's supplement (24) (dextrose, 4 g/liter; glutamine, 0.1 g/liter; cocarboxylase, 0.2 mg/liter; ferric nitrate, 5.0 mg/liter) for approximately 18 h at 36°C in 5% CO 2 . The C11 parental strain was then diluted to a concentration of 10 7 CFU per ml in phosphate-buffered saline containing 0.5 mM magnesium chloride and 0.15 mM calcium chloride (PCM), and 0.1 ml was injected intraperitoneally (i.p.) into 3-to 4-day-old Sprague-Dawley rats. Three hours after i.p. injection with a challenge inoculum, rats were sacrificed by exposure to CO 2 and bled by cardiac puncture. Aliquots of whole blood (40 l) were then plated onto GCK agar plates and incubated at 36.5°C with 5% CO 2 for at least 18 h. Colonies obtained from rat blood consistent with the phenotype of strain C11 were then subcultured on fresh GCK agar plates and incubated at 36.5°C with 5% CO 2 . Growth from subcultured plates was suspended in GC medium containing 20% sterile glycerol without Kellogg's supplement, aliquoted, frozen at Ϫ70°C, and designated rat-passaged N. meningitidis serogroup C strain C11. Rat-passaged frozen stock cultures were checked for purity with an additional subculture. Capsule expression of the rat-passaged subculture was verified by Western blot analysis with anti-MnCPS-specific polyclonal antiserum (data not shown).
For use in assays, rat-passaged C11 cells were grown overnight on GCK agar incubated at 36°C with 5% CO 2 . An additional subculture onto fresh GCK agar plates for an additional 3 to 4 h was not necessary. Preliminary studies indicated that rat-passaged C11 cells from plates incubated for 16 to 18 h yield concentrations of viable cells similar to that obtained from a 3-to 4-h subculture (data not shown). For the SBA, harvested cells were suspended in PCM to a concentration of approximately 1 ϫ 10 5 to 3 ϫ 10 5 (Ϯ500) CFU/ml. For use as a challenge strain in the neonate rat model, cells were suspended in PCM to a concentration of 1 ϫ 10 6 to 3 ϫ 10 6 CFU/ml within an hour of injection. SBA. The method used for the SBA was similar to that described by Mountzouros and Howell (32). The assay described here was performed with sterile 96-well assay plates. Target cells were prepared by diluting an overnight culture to a concentration of 1,000 to 3,000 CFU per 10 l. Results of assays performed in our laboratory during the period of assay development indicated that either N. meningitidis serogroup C strain C11 or the rat-passaged strain could be used as a target strain in an SBA and generate similar results (data not shown). Reaction mixtures containing target cells (10 l), test serum (5 l undiluted or diluted), and PCM (25 l) along with 10 l of complement were incubated at 36°C in 5% CO 2 for 30 min after slight agitation. Rabbit serum (lot 26517; Pel-Freez, Brown Deer, Wis.) found not to have significant bactericidal activity against the target cells was the source of the complement used in the SBA. Additional sets of wells were used to generate a standard curve. Standard curve wells (duplicate wells) included complement (10 l), PCM (30 l), and a suspension of target cells representing 0, 25, 50, 75, 90, and 100% of the target cells used in the assay (10 l). After incubation, reactions were terminated by addition of 200 l of an alamarBlue (Trek Diagnostic Systems, Westlake, Ohio) and molten agarose (melted and cooled to 42°C) additive consisting of a modified version of Frantz medium (14) d Values represent amounts of anti-MnCPS-specific IgG passively transferred into rat pups 18 to 20 h prior to a challenge (unless otherwise noted, rat pups received 0.1 ml of a 1:5 dilution of pooled infant serum).
e Calculated bactericidal titer of neonate rat serum after passive transfer (bactericidal titer of pooled human infant serum Ϭ dilution factor). f Values represent the average log 10 reduction in bacteremia in neonate rats 3 h after a challenge with N. meningitidis strain C11 compared to that in the negative control group.
g Rat pups received 0.1 ml of a 1:20 dilution of serum pool A. h A positive value indicates an increase in bacteremia 3 h after a challenge. i Significantly different (P Ͻ 0.05 as determined by the Student t test) from values obtained from a group of normal rat pups that received 0.1 ml of a 1:5 dilution of serum pool A.
Maine). Reaction mixtures in wells of microtiter plates were allowed to solidify, covered with sterile plate covers, and incubated for 6 to 8 h at 36°C in 5% CO 2 .
In the fluorescence SBA, complement-mediated antibody-dependent bactericidal activity was determined by comparing the number of arbitrary fluorescence units (AFU) obtained from reaction wells containing test serum to the number of AFU obtained from standard curve wells containing 50% of the total number of target cells after incubation. SBA-determined bactericidal titers were expressed as the reciprocal of the highest dilution of test serum that yielded numbers of AFU lower than or equal to the numbers of AFU obtained in the standard curve wells containing 50% of the target cells (numbers of AFU correlate to the numbers of surviving bacteria [32] ). Numbers of AFU obtained from control wells not containing viable cells were considered background fluorescence and were subtracted from numbers of AFU obtained in wells containing viable bacteria.
Instrumentation. Fluorescence was detected with a Cytofluor 4000 microtiter plate reader (excitation wavelength of 530 nm and emission wavelength of 580 nm; Perceptive Biosystems, Framingham, Mass.). Numbers of AFU were determined by averaging the fluorescence in three consecutive measurements per well at a gain of approximately 50. Fluorescence was detected from the bottom of each reaction well of microtiter plates at specified time points (30-min intervals or between 360 and 480 min) after introduction of 200 l of alamarBlue-agarose additive and incubation in the temperature-controlled chamber of the Cytofluor 4000 plate reader set at 36°C without CO 2 .
ELISA. The ELISA method used to determine IgG antibodies reactive to MnCPS in human serum was previously described (46) . Medium-binding polystyrene microtiter plates (Nalge Nunc International, Naperville, Ill.) were coated with an optimal concentration of highly purified capsular PS isolated from N. meningitidis serogroup C (Wyeth-Lederle Vaccines, Sanford, N.C.). Human serum, starting at a 50-fold dilution and serially diluted twofold, was added to wells of antigen-coated plates. Bound antibodies were detected by adding goat antihuman IgG-alkaline phosphatase labeled antibody, followed by p-nitrophenyl phosphate. Absorbances were determined at 405 nm with a 690-nm reference wavelength on a microtiter plate reader. A value was assigned to the specimen with a linear regression endpoint (0.3 absorbance unit) analysis comparing absorbances of the specimen versus dilutions of a reference serum (CDC 1992) containing 24.1 g of IgG antibody per ml. The lower quantitation limit of the assay is 0.10 g/ml. Values of less than 0.10 g/ml are reported as 0.05 g/ml.
Bacterial challenge. The bacterial challenge inoculum used in this study was similar to that described by Nassif et al. (33) . In this study, rat-passaged C11 cells were grown overnight on GCK agar incubated at 36.5°C with 5% CO 2 and then suspended in PCM to an optical density corresponding to a concentration of 1 ϫ 10 6 to 3 ϫ 10 6 CFU/ml. Purity evaluation and enumeration of CFU in the challenge suspension were done by counting colonies from serial dilutions of challenge material that were plated on GCK agar plates incubated for at least 18 h at 36.5°C with 5% CO 2 .
Neonate rat challenge model and animal strain and age. Sprague-Dawley rat pups (3 to 4 days old) were obtained from Taconic Labs (Germantown, N.Y.). Neonate rats birthed by experienced pregnant rats were shipped and housed in the same vivarium. Rat pups that are 4 to 5 days old weigh approximately 13 (Ϯ1) g, and the total blood volume of a healthy rat pup is approximately 7% of its body weight (approximately 0.9 Ϯ 0.1 ml of whole blood per rat). Upon arrival, animals were observed for the purpose of recording numbers of animals and animal health. Only rats appearing in good health were used in this investigation. Prior to any manipulation, infant rats were marked for identification and then randomized into equal groups, approximately 10 pups per mother. Groups (n Х 10) of neonate rats were injected i.p. with 0.1 ml of pooled human infant serum or individual human adult serum samples diluted 1:5 (final dilution in rat serum ϭ 1:50, except for one negative control group that resulted in a 1:200 dilution). After injection, each group of rat pups was returned to the cage containing the mother rat. Eighteen to 20 h after passive immunization, rat pups were injected i.p. with 0.1 ml of a bacterial suspension of a challenge inoculum containing approximately 5.0 log 10 CFU. Preliminary studies demonstrated that in this animal challenge model, inocula containing Ն3 log 10 CFU cause bacteremia in neonate rats in a dose-dependent manner, with death occurring in 50% of neonate rats receiving ϳ7.0 log 10 CFU (data not shown). Nonimmunized neonate rats receiving 5.0 log 10 CFU of the rat-passaged challenge strain became bacteremic, with peak levels between 3 and 6 h and subsequently decreasing over a period of 48 h. In this study, the level of bacteremia 3 to 6 h after a challenge was determined to be 4.5 Ϯ 0.5 log 10 CFU/ml. Neonate rat pups were sacrificed 3 h after a challenge by exposure to CO 2 and immediately bled by cardiac puncture. Whole blood and/or diluted blood (40 l) was plated in duplicate onto GCK agar medium. Plated blood was incubated for 18 to 24 h at 36.5°C with 5% CO 2 . The number of colonies consistent in appearance with strain C11 on each inoculated GCK agar plate was determined. Numbers of colonies on plates from e Calculated bactericidal titer of neonate rat serum after passive transfer (bactericidal titer of human adult sera Ϭ serum dilution factor of 50). f Values represent the average log 10 reduction in bacteremia in neonate rats 3 h after a challenge with group C N. meningitidis strain C11 compared to that of the negative control group that received 0.1 ml of a 1:5 dilution of human adult serum 1.
g Designated negative control group for this experiment. individual rat pup blood samples (ranging from 10 to 500 CFU) were averaged and multiplied by the dilution factor to determine the number of CFU per milliliter of blood.
In the absence of passively administered human serum, the lower limit of bacteremia detectable equaled one colony when plates were inoculated with 40 l of undiluted blood (1 CFU/0.04 ml ϭ 25 CFU/ml or 1.4 log 10 CFU/ml of blood). When no colonies were recovered on plates, a value of 0.5 CFU (or 0.5 CFU/0.04 ml ϭ 12.5 CFU/ml or 1.10 log 10 CFU/ml of blood) was used. Protection was determined as the ability of passively transferred serum from immunized humans to reduce the level of bacteremia in neonate rats Ն2.0 log 10 CFU/ml of blood (or ϳ31,000 CFU/ml of blood) compared to the level in the group of rats receiving serum from humans who did not receive an N. meningitidis serogroup C vaccine.
Decomplementation of neonate rats with CVF. Cobra venom factor (CVF) purified from Naja naja kaouthi (Venom Supplies, Tanunda, Australia) was used at a sublethal dose of 10 g of CVF in 0.1 ml of phosphate-buffered saline per rat. CVF is a structural and functional analog of human complement factor 3 (C3). Thus, in the presence of factor B, factor D, and Mg 2ϩ , CVF can form a stable CVF-Bb complex, which is a C3-C5 convertase enzyme (a positive regulator in the classical complement pathway). The CVF convertase formed is not susceptible to regulation by inhibitory factor H or factor I, which results in serum decomplementation. Following decomplementation, the only mechanism of protection against bacteremia by antibody should be dependent on Fc-mediated opsonophagocytosis (OPA). The appropriate sublethal decomplementing dose of CVF was determined by injecting rat pups with various doses of CVF i.p. and testing complement activity in serum samples taken from the rats 24 h after administration of the injection. Results (data not shown) from a total complement activity assay (23) determined that 10 g of CVF is a safe and sufficient dose with which to reduce the complement activity in rat serum. As a control, heat-inactivated (56°C for 30 min) CVF was used.
Challenge of CVF-treated neonate rats. Four groups of 10 3-to 4-day-old Sprague-Dawley rats were used in the neonate rat challenge model. Two groups were treated with a sublethal dose of 10 g of CVF 1 h prior to passive immunization with either human adult serum 3 or 16 (from Table 2 ). Two other groups of rats only received either serum 3 (negative control) or serum 16 (positive control). Twenty hours after the administration of CVF, all rats were challenged with a dose of approximately 5.0 log 10 CFU of a rat-passaged strain of N. meningitidis serogroup C strain C11. Three hours after the challenge, rats were sacrificed and bled by cardiac puncture and blood was diluted, plated on GCK agar plates, and incubated at 36°C with 5% CO 2 . The level of bacteremia in rats was determined by counting colonies on plates inoculated with rat blood.
RESULTS

Anti-MnCPS IgG concentration and serum bactericidal activity.
To examine the relationship between the anti-MnCPSspecific IgG concentration and serum bactericidal activity in the neonate rat challenge model, serum pools were created with samples collected from human infants previously immunized with three doses of an MnCC vaccine (Meningitec) (Table 1) or human adults who received a single dose of quadrivalent MnCPS vaccine (Table 2 ). Serum samples were assayed for total IgG specific for MnCPS and for the capacity to mediate bactericidal activity in vitro. As shown in Table 1 , the concentration of MnCPS-specific IgG in the infant serum samples ranged from 0.18 to 17.31 g/ml while the serum bactericidal activity, reported as the bactericidal titer, ranged from Ͻ10 to 2,695 for these serum pools. As depicted in Fig. 1 , the data obtained from the infant serum samples indicate a direct relationship between the anti-MnCPS IgG concentration and the bactericidal titer (r ϭ 0.9960). This observation is consistent with the analysis of individual infant serum samples previously reported (46) . As shown in Table 2 , the concentrations of anti-MnCPS-specific IgG in all of the serum samples from adults ranged from 0.05 (undetectable) to 45.5 g/ml and the corresponding bactericidal titers ranged from Ͻ4 to 1,546. The correlation between the anti-MnCPS IgG concentration and the bactericidal titer of the adult serum samples was reduced (r ϭ 0.708) (Fig. 2 ) compared to the correlation observed for infant samples.
Protection in the challenge model. The neonate rat challenge model was used to assess the protective capacity of sera from human infants immunized with an MnCC vaccine by using test conditions optimized with serum samples from adults who had received a quadrivalent MnCPS vaccine. As shown in Tables 1  and 2 , serum pools or individual serum samples were passively transferred into groups of neonate rats that were subsequently challenged with a bacteremia-inducing dose of an N. meningitidis serogroup C inoculum. The quantity of antibody administered to rat pups was 0.1 ml of a 1:5 dilution of the original serum sample, except for a negative control serum pool that was received in a 1:20 dilution (final dilutions in rat serum, 1:50 and 1:200). The reductions in bacteremia observed for the human infant and individual adult serum panel ranged from 0.52 to 3.72 log 10 and from 0.37 to 4.07 log 10 , respectively. The relationship between the IgG concentration or SBA activity and the reduction in bacteremia was examined. Interestingly, seventy-five (94.9%) of 79 neonate rats (individual animal data not shown) that passively received Ն0.031 g of IgG in infant serum had a Ն2-log 10 reduction in bacteremia, whereas of the animals that received Ͻ0.031 g of IgG, only 4 (10.3%) of 39 rats showed a similar reduction in bacteremia. Similarly, 63 (92.6%) of 68 rat pups that received Ն0.072 g of N. meningitidis serogroup C-specific IgG in adult serum samples (regardless of whether or not the adult had received MnCPS vaccine; Table 2 ) had a Ն2-log 10 reduction in bacteremia, whereas of the animals that received Ͻ0.072 g of anti-MnCPS IgG in adult serum, only 5 (5.6%) of 90 rats showed a similar reduction in bacteremia. A similar threshold of protection was observed when the estimated bactericidal titer of rat serum after passive transfer (Tables 1 and 2 ) was considered. The bactericidal titers of rat pup serum samples were estimated by multiplying the original serum sample's bactericidal titer by the final serum dilution factor. Rat pups that received infant serum and had a calculated bactericidal titer of Ն8.5 had a Ն2-log 10 reduction in bacteremia, and rats that had a calculated bactericidal titer of Ͻ8.5 did not show a Ն2-log 10 reduction in bacteremia (Table 1) . Similarly, rat pups that received adult serum and had a calculated bactericidal titer of Ն12.8 had a Ն2-log 10 reduction in bacteremia and rats that had a calculated bactericidal titer of Ͻ12.8 did not show a Ն2-log 10 reduction in bacteremia. Because of the variable bactericidal titers obtained with the adult serum samples relative to the IgG concentrations measured by the ELISA (Fig. 2) , it is difficult to assess potential differences in the protective levels of adult serum compared to those of serum samples from infants immunized with MnCC vaccine. However, the anti-MnCPS IgG determinations, which are more precise, do suggest that a lower concentration of antibodies in infants postimmunization with conjugate vaccine are effective in reducing bacteremia, compared to IgG from adults postimmunization with MnCPS. Irrespective of the serologic method used, passive protection in the infant rat challenge model was observed to be dependent on the quantity and, presumably, quality (concentration and function) of antiMnCPS IgG antibody administered.
The important role of complement factor C3 in protection against bacteremia. In this study, two groups of 10 rat pups were treated with CVF and subsequently administered either a protective dose of adult normal human serum or immune serum (sera 3 [negative control] and 16 [positive control], respectively, in Table 2 ). In parallel, two other groups that were not treated with CVF were injected with either the negative or the positive control serum. Eighteen hours later, all groups were challenged with a bacteremia-inducing dose of a rat-passaged strain of N. meningitidis serogroup C strain C11. Results of this study demonstrate the importance of the classical complement pathway in protection against bacteremia. As depicted in Table  3 , only the group of rats that received immune human serum 16 (positive control) had a Ն2-log 10 reduction in bacteremia. Animals that received a protective dose of human serum 16 and were treated with CVF had levels of bacteremia equivalent to those of the negative control group (serum 3).
DISCUSSION
Recently, Ramsey et al. described the efficacy in teenagers and toddlers of a licensed MnCC vaccine introduced in the United Kingdom at the end of 1999 (36) . The observed efficacy of the MnCC vaccine is most probably a result of many host immune responses, including complement-mediated, antibodydependent bactericidal activity. According to Borrow et al. (3) , efficacy can be assumed if individuals exhibit a fourfold rise in bactericidal titer after vaccination or have a bactericidal titer of Ն8 in assays in which rabbit serum is the source of the complement used. There is no question that effective MnCC vaccines elicit antibodies that fix complement that results in bacteriolysis or OPA, a fact that is easily demonstrated in in vitro assays. In the study reported here we have described how results of a relevant in vitro assay translate into protection in neonate rats in a challenge model of bacteremia and also demonstrated the importance of complement-mediated antibody-dependent bactericidal activity. In this study, a direct correlation was found between the IgG concentration and bactericidal titer for pools of infant serum (r ϭ0.9960; Fig. 1 ). The sample size (n ϭ 11 pools) was limited, but the correlation was not unexpected. We previously tested serum samples from 45 individual infants and reported a good correlation between the results obtained in an ELISA and the results of an SBA (46) . The MnCC vaccine elicits immune responses much greater than the protective thresholds previously established (17) , and thus, serum samples from age-matched nonimmunized infants enabled us to demonstrate a linear relationship between the two assay methods. This finding would not be surprising if one considered complement-fixing antibodies a subset of the total anti-MnCPS-specific IgG. Our observed correlation between the IgG concentration and the bactericidal titer does not dispute the observations made by others where strong correlations were not found (21) . In fact, in this study, a relatively poor correlation (r ϭ 0.708) was found between the bactericidal titer and the level of anti-MnCPS-specific IgG antibody in adult serum samples. A number of factors may contribute this observation: bactericidal activity can occur because of other a Individual serum samples used for passive transfer experiments were from healthy nonimmunized adults (serum 3 in Table 2 ) and serum from individuals that received one dose of a tetravalent meningococcal PS vaccine (A/C/Y/W-135) (serum 16 in Table 2 ).
b Amount of anti-MnCPS-specific IgG passively transferred into rat pups (1:50 dilution of the IgG concentration of individual serum) 18 to 20 h prior to a challenge with group C N. meningitidis strain C11.
c Calculated bactericidal titer of neonate rat serum after passive transfer (bactericidal titer of human adult sera Ϭ serum dilution factor of 50).
d Values represent the average log 10 reduction in bacteremia in normal neonate rats or rat pups treated with CVF.
e Negative control group. f Significantly different (P Ͻ 0.05 as determined by the Student t test) from values obtained from a group of normal rat pups (not treated with CVF).
antibodies or factors in addition to IgG antibodies specific to the PS that is the outcome of the ELISA measurement, the ELISA may detect low-avidity antibodies or antibodies that are not associated with functional activity as measured in the SBA, and additionally, the number of adult serum samples tested in this study was small (n ϭ 16).
Experimental infection of neonate rats with pathogenic Haemophilus influenzae type b has been previously described as part of the effort to evaluate the protective potential of infant conjugate vaccine-elicited polyclonal antibodies to H. influenzae PS (20, 29) . To date, a study of the protective activity of human infant antiserum specific for MnCPS has not been described. When challenged with N. meningitidis serogroup C bacteria, neonate rats usually become bacteremic and may even succumb to meningitis and/or death, depending on the design of the model (40) . In our laboratory, bacteremia could be achieved reproducibly 3 h after i.p. infection of neonate rats with a challenge dose of ϳ5.0 log 10 CFU. Similar to other investigators (40), we found it necessary to passage challenge strain C11 one time in neonate rats in order to get a uniformly high level (ϳ4.5 log 10 CFU/ml of blood) of bacteremia in unprotected rats. In the neonatal rat model of bacteremia with N. meningitidis serogroup C, passive immunization with human infant or adult serum samples with sufficient quantities of antiMnCPS IgG was protective. Passive immunization of rats with infant serum having anti-MnCPS IgG concentrations of Ն0.031 g/ml and a corresponding bactericidal titer (calculated) of Ն1:8.5 had a statistically significant reduction bacteremia after a challenge. Bactericidal titers of Ͻ1:8.5 (calculated) could not reduce the level of bacteremia in passively immunized rat pups after a challenge (Table 1) . Similarly, dosedependent protection from bacteremia was also observed after passive transfer of adult serum. In this limited study, it was determined that rats that received Ն0.072 g of adult MnCPSspecific IgG had reduced bacteremia levels of Ն2.0 log 10 CFU/ml of blood, compared to animals that received serum with undetectable levels of specific IgG (Table 2) .
While it would have been interesting to compare the results obtained in this study with those obtained with immune serum samples from infants who received an MnCPS vaccine, such samples are not available since the PS vaccine is poorly immunogenic in this age group. However, adult anti-MnCPS immune serum samples were available and were tested in the ELISA, the SBA, and the neonate rat model. As depicted in Fig. 2 , adult anti-MnCPS antiserum displayed a poorer correlation between the IgG concentration and the bactericidal titer (r ϭ 0.708) than that obtained with infant serum (Fig. 1) , regardless of whether or not the adults had received an MnCPS vaccine. The variability of the adult serum samples (adult age, immunological experience, etc.) makes it difficult to draw conclusions about the comparative functionality of the human infant and adult serum samples used in these studies. One can speculate, though, that the anti-MnCPS IgG antibodies elicited by the conjugate vaccine in infants are more effective at protection in the neonate rat model than is the population of IgG antibodies elicited in adults by the PS vaccine. This hypothesis is supported by the ELISA data in Tables 1  and 2 . The ELISA is a more precise test method than the SBA for such purposes because each specimen is quantitated against a standard reference preparation (micrograms per milliliter), while the SBA has incremental titer readouts without normalization to any standard. Other factors contributing to the differences in performance between these two methods have already been discussed above.
To determine if complement is a prerequisite for protection in this bacteremia model, neonate rats were treated with a dose of CVF sufficient to deplete rat serum of terminal complement components (TCC). CVF, at a dose 10 g per rat, was adequate to consume serum complement, resulting in undetectable levels of complement activity in a total complement activity assay (23) . In this study, a direct association was made between passively transferred anti-MnCPS bactericidal antibody and an intact complement system. However, it cannot be assumed that SBA activity is the only mechanism of protection in this model; opsonophagocytosis (OPA) has also been presumed to play a role in protection against N. meningitidis serogroup C in vivo. OPA activity is dependent on C3 and antibody for efficient killing of N. meningitidis serogroup C. Evidence that OPA plays a role in protection has been demonstrated in studies of individuals with TCC deficiency in which MnCPS vaccines have been proven somewhat effective. Protection offered by MnCPS vaccines administered to TCCdeficient individuals has been observed to be dependent on the concentration of antibody specific for MnCPS (2, 31, 44) . If it had been available, it would have been interesting to test infant immune serum in neonate rats deficient in any complement factor from C5 through C9 to accurately evaluate the importance of OPA in the neonate rat model.
Studies as early as those of Silverthorne (47) and Goldschneider et al. (17) and as recent as that of Borrow et al. (3) argue that the bactericidal titer can serve as a surrogate marker of protection against invasive disease. This study demonstrates that results obtained from in vitro assays such as the SBA can translate to protection in in vivo animal models. There is a good rationale for supplementing in vitro data with in vivo data. Antibody testing in vivo most closely represents conditions that exist in the disease state. Limitations on serum factors are not as restrictive as those of in vitro assays, and the interactions between the host and pathogen in the model is not unrealistic. However, rat complement and other systemic immune components are not truly representative of humans. The neonate rat model is a sensitive model that can provide support to results obtained by ELISA and the SBA.
